UV lasing in three-dimensional ZnO photonic crystals is demonstrated at room temperature. The photonic crystals are inverse opals with high refractive index contrast that simultaneously confine light and provide optical gain. Highly directional lasing with tunable wavelength is obtained by optical pumping. Comparison of the experimental results to the calculated band structure shows that lasing occurs in high-order bands with abnormally low group velocity. This demonstrates that the high-order band structure of three-dimensional photonic crystals can be used to effectively confine light and enhance emission. Our findings may also impact other applications of photonic crystal devices. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2203939͔
The development of ultraviolet ͑UV͒ microlasers is important for integrated optoelectronics, solid-state lighting, sensors, and other applications. Photonic crystals ͑PhCs͒ have great potential to control the functionality and improve performance of such devices. Amplification of light in a PhC can be enhanced by localized defect states inside the photonic band gap 1 ͑PBG͒ or via modes with reduced group velocity at a photonic band edge. [2] [3] [4] Both approaches have been applied for quasi-two-dimensional ͑2D͒ PhC lasers operating in the near-infrared spectrum. [5] [6] [7] Recent progress has been made in 2D UV-emitting PhC devices based on GaN ͑Refs. 8 and 9͒ and ZnO, 10 yet their fabrication presents a considerable challenge due to the required small-scale periodicity. Here we report room-temperature UV lasing in threedimensional ͑3D͒ ZnO PhCs. Unlike previously reported 3D PhC lasers, 11, 12 these structures consist entirely of optically active material. Confinement of light in high-order photonic bands with small group velocity 4 leads to directional and tunable lasing and a relaxation of the stringent fabrication requirements.
We have recently reported the fabrication of ZnO inverse opals. 13 ZnO has a wide, direct electronic band gap ͑ϳ3.3 eV͒ and a high exciton binding energy ͑ϳ60 meV͒, making it an efficient emission material at near-UV wavelengths. Because ZnO acts as both the dielectric backbone and the gain medium for lasing, we can study the emission properties without having to infiltrate quantum dots 14, 15 or dye molecules. 11, 12 This simplifies the fabrication process and avoids a decrease in refractive index contrast or the degradation of emitters due to interaction with the dielectric backbone.
Our fabrication process is straightforward and applicable to a variety of materials. 16, 17 Polystyrene opal templates are deposited by self-assembly onto glass substrates, infiltrated with ZnO by atomic layer deposition ͑ALD͒, and removed by firing at elevated temperatures. The resulting PhC structures are face-centered cubic ͑fcc͒ arrays of air spheres surrounded by ZnO dielectric shells with a thickness of typically ϳ50 layers. 13 Interstitial porosity between the shells is an inherent feature of the ALD infiltration of an opal lattice, and it leads to beneficial changes in the high-order band structure 18, 19 as discussed below. The refractive index of ZnO is ϳ2.0 in the visible spectrum, but increases to more than 2.5 as approaches the excitonic emission wavelength. Although this is not sufficient for the formation of a complete PBG, 20 the refractive index contrast is large enough for strong directional gaps.
We can tune the position of the first-order gap throughout the visible spectrum by selecting appropriate polystyrene sphere diameters ͑i.e., PhC lattice constants͒ for the opal template. 13 To study the high-order band structure we used spheres with diameters ranging from d = 330 nm to 383 nm. The optical effects of high-order bands are more complicated, as shorter waves experience simultaneous Bragg diffraction from multiple sets of lattice planes and coupling of many Bloch modes occurs. Even without a complete PBG, stimulated emission is strongly enhanced in weakly dispersive ͑"flat"͒ higher bands, 4 because the group velocity is reduced over an extended region of k space ͑group velocity anomaly͒. Experimentally, high-frequency reflection and transmission spectra of 3D PhCs have been studied, [21] [22] [23] but many of the observed features are not yet fully understood and limited information is available on the effect of the highorder band structure on emission properties. 24 Figure 1 shows reflection spectra for light incident along the ͓111͔ direction. The first-order Bragg peaks are observed at wavelengths from 655 to 765 nm ͑peak R1͒. We also observe two strong reflection peaks ͑R2 and R3͒ and several fine features at wavelengths approaching the ZnO absorption edge.
In the lasing experiments, the sample surfaces are illuminated by a white-light source and imaged by a 20ϫ objective lens onto a charge coupled device ͑CCD͒ camera. Highly reflective areas free of cracks are selected for measurements. The samples are pumped at 10 Hz with 20 ps pulses of = 355 nm from a mode-locked Nd:YAG ͑yttrium aluminum garnet͒ laser, with a spot diameter of ϳ20 m and light incident along the ͓111͔ direction. At low pump level the emission spectra of all the samples feature a broad spontaneous emission peak with a maximum at Ϸ 390 nm. With increasing pump intensity a single lasing peak appears ͑marked L in Fig. 1͒ , with at the short-wavelength edge of the third reflection peak. The lasing peak initially has a width of 0.6-1.0 nm, but becomes narrower with increasing pump intensity, reaching a full width at half maximum of 0.1-0.3 nm ͓Fig. 2͑a͔͒. The emission increases rapidly and shows a pronounced threshold behavior ͓Fig. 2͑a͒ inset͔.
Lasing output is highly directional, with a divergence angle of approximately 6°͓Fig. 2͑b͔͒. The directionality is preserved if the pump light is incident at an angle slightly off the surface normal. This indicates that lasing is strongly confined in the ͓111͔ direction. Changing the PhC lattice constant leads to a shift in lasing wavelength las , from las Ϸ 383 nm for d = 330 nm to las Ϸ 415 nm for d = 383 nm ͓Fig. 2͑c͔͒, closely matching the shift in the high-order band structure. The gain spectrum of ZnO is centered at ϳ390 nm. Accordingly, the threshold increases with growing distance of las from the gain maximum, e.g., by a factor of 30 from las Ϸ 383 nm ͑d = 330 nm͒ to las Ϸ 415 nm ͑d = 383 nm͒. The fact that lasing occurs at frequencies so far from the gain maximum reveals that the confinement effect of the highorder band structure is remarkably strong in these PhCs. Well above threshold, secondary lasing peaks may appear within a wavelength range of approximately ±3 nm from the main peak. The exact origin of these peaks is unclear at this time, but our measurements indicate that they are more isotropic and might be caused by defects or lasing in other crystal directions. However, the directional nature of the primary lasing mode, the reproducibility and stability of las , and its dependence on the PhC lattice constant suggest that the primary lasing is related to the photonic band structure.
To understand our experimental results, we correlate them to the photonic band structure. Figure 3͑a͒ shows the reflection spectrum of the 362 nm PhC along with lasing and spontaneous emission spectra. The reflection peak at 407 nm coincides with a clear dip in the spontaneous emission spectrum, confirming the existence of a stop band. We have calculated 25 the band structure of the inverse opals with interstitial porosity taking into consideration the frequency dependence of the refractive index of ZnO. 26, 27 The calculations were performed for wavelengths longer than 380 nm. We have not accounted for absorption of light, which becomes a dominant effect for shorter wavelengths. The only   FIG. 1 . ͑Color online͒ Reflection and lasing spectra of ZnO PhCs for four different sphere diameters. Light is incident along the ͓111͔ direction normal to the PhC surface. The first-order Bragg peak ͑peak R1͒ and two main reflection peaks at shorter wavelengths ͑R2 and R3͒ are detected. Lasing ͑peak L͒ occurs at the high-frequency shoulder of the third peak ͑R3͒ in all samples.
FIG. 2.
͑Color online͒ ͑a͒ Emission spectra of ZnO PhCs with d = 330 and 362 nm for increasing pump intensity. The peak positions blueshift slightly with increasing pump power. Inset: L-L curve for the 362 nm sample ͑with a clear threshold at ϳ5.9 MW/ mm 2 ͒. ͑b͒ Angular distribution of lasing emission. 0°corresponds to the ͓111͔ direction normal to the sample surface. The emission is strongly directional with a full width at half maximum ϳ6°. ͑Squares represent measured data, the line is a guide for the eye.͒ ͑c͒ Lasing threshold and wavelength vs sphere diameter d. Lasing occurs at longer wavelengths for increasing lattice constants. As the lasing wavelength shifts away from the ZnO gain maximum, the lasing threshold increases sharply. adjustable parameter used in the calculations was the sphere diameter d. Figure 3͑b͒ depicts the calculated band structure for wave vectors along the ⌫-L ͗111͘ direction for d = 355 nm. Three directional band gaps match up closely with the most prominent reflection maxima in the experimental data ͓Fig. 3͑a͔͒. This correspondence was used as the criterion for determining the fitting parameter d ͑which is within the margin of uncertainty of sphere diameter, lattice constant after firing, and small variations in filling fraction and topology͒. The theoretical results can also explain some of the weaker features in the reflection data in terms of band singularities in either ⌫ or L k directions.
At the high-frequency edge of the third PBG there is an isolated degenerate band ͑band number 9͒ with extraordinarily low dispersion which coincides with the lasing wavelength for all our samples. Figure 3͑c͒ plots the calculated group velocity. The ninth band has little overlap with other bands and has a group velocity v g less than 0.09c. Light amplification in this band is strongly enhanced due to the extremely low v g over the whole ⌫-L range. This suggests that lasing occurs due to distributed feedback of slow propagating modes in this band. It is worth noting that this flat band is a feature of the inverse opal structure with interstitial porosity and that the corresponding band in a fully filled inverse opal structure shows considerably more curvature. The increase of the refractive index in the vicinity of the electronic band edge leads to additional flattening of the band. Our calculations show that 25%-32% of the energy of a mode in this band is concentrated in the dielectric structure and thus can be efficiently amplified by the gain material.
In summary, we have demonstrated UV lasing in 3D ZnO PhCs at room temperature. Even without a full PBG high-order bands can efficiently confine light in the material and lead to robust and directional lasing. The flat band that we believe is responsible for lasing in our structures lies at the high-frequency edge of the third gap in the ͓111͔ direction ͑between the eighth and the ninth band͒, where the complete PBG will develop for materials with higher refractive index. Therefore a further decrease in lasing threshold should be possible in systems with higher refractive index contrast or optimized topology. 19 Our results also imply that the highorder photonic band structure of inverse opals can be exploited for photonic applications such as highly efficient LEDs or nonlinear optical processes.
